We demonstrate that energetic femtosecond pulses tunable from 1.3 to 1.7 µm can be achieved using self-phase modulation enabled spectral broadening followed by spectral lobe filtering. Based on a home-built 5-W Er-fiber laser system operating at 31-MHz repetition rate, we obtain femtosecond pulses that can be continuously tuned from 1.3 to 1.7 µm with >4.5 nJ pulse energy. We further optimize the spectral broadening process using a fiber with larger mode area and scale up the pulse energy to >10 nJ; the resulting pulse duration is as short as ~50 fs. Such a widely tunable, energetic femtosecond source is well suited for driving a laser scanning microscope to perform deep tissue multiphoton microscopy. 
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Introduction
Ultrafast sources emitting femtosecond pulses with the center wavelength continuously tunable are desired in many microscopy and spectroscopy applications. For example, broad deployment of two-photon excitation fluorescence microscopy has stimulated intense research efforts in developing femtosecond sources in the 800-1300 nm wavelength range, because most of the commonly used fluorophores have their two-photon excitation wavelength in this range [1] [2] [3] . Tunable femtosecond sources normally consist of a source laser producing femtosecond pulses at a certain wavelength and a nonlinear optical device converting them to wavelength tunable femtosecond pulses. An exemplary combination is a mode-locked laser plus a synchronously pumped solid-state optical parametric oscillator (OPO). Different from solid-state OPOs that rely on the second-order nonlinearity in optical crystals, the third-order nonlinearity associated with optical fibers offers an alternative means of generating widely tunable femtosecond pulses. Several fiber-optic nonlinear mechanisms-such as four-wave mixing [4] [5] [6] , dispersive wave generation [7] [8] [9] [10] , soliton self-frequency shift (SSFS) [9, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] etc.-can significantly expand the wavelength coverage of an input narrowband spectrum. However four-wave mixing method normally results in sub-picosecond or picosecond pulses. For example, Ref. 4 uses a µJ-level fiber laser system at 1040 nm to drive a fiber OPO enabled by four-wave mixing and produces 560-fs pulses after post compression with 30-nJ pulse energy. Dispersive wave generation can generate pulses below 100 fs. However, the wavelength tunability is limited to ~100 nm due to the phase matching requirement between the dispersive wave and the soltion that emits it. SSFS continuously red-shifts the center wavelength of a femtosecond pulse propagating inside an optical fiber with negative group-velocity dispersion (GVD). The amount of wavelength shift can be tuned by varying the input pulse energy. Use of large more-area (LMA) fibers can increase the pulse energy. For example, SSFS in a photonic crystal rod with a mode area of 2300 µm 2 can generate 67-nJ pulses at 1675 nm [19, 20] . Unfortunately SSFS can only lead to the tunable pulses with the center wavelength longer than the pump wavelength. This implies that use of Er-fiber laser as the pump can only generate tunable pulse beyong 1550 nm. Recently, we demonstrated a new fiber-optic method of generating widely wavelength tunable femtosecond pulses [21] . The method employs self-phase modulation (SPM) dominated nonlinearities to broaden an input optical spectrum, followed by optical bandpass filters to select the leftmost or rightmost spectral lobes. Unlike SSFS that always red-shifts an input spectrum, SPM-enabled spectral broadening can generate both blue-shifted and redshifted spectral lobes. Based on an Yb-fiber ultrafast laser at 1030 nm, we obtained ~100-fs (nearly transform-limited) pulses, tunable from 825 nm to 1210 nm with >1-nJ pulse energy. By using LMA fibers for spectral broadening, we further increased the pulse energy up to 20 nJ in the wavelength range of 1030-1215 nm [22] ; such a powerful source enabled us to drive a video-rate laser scanning microscope to study human skin based on harmonic imaging [22] . In this paper, we apply this method to an Er-fiber laser and demonstrate a femtosecond source tunable from 1300 to 1700 nm. Femtosecond pulses tunable in this wavelength range are of particular importance because they are suitable to drive three-photon microscopy [23] that offers increased penetration depth for tissue imaging [19, 20, 24] . Results from Xu's group demonstrate that three-photon excitation fluorescence microscopy at 1300-1700 nm can achieve >1-mm penetration depth due to an optimal combination of light scattering and water absorption within the biological tissue at this wavelength range [19, 20, 24] .
In this paper, we demonstrate an Er-fiber laser enabled, energy scalable femtosecond source producing >4.5-nJ pulse energy in the 1300-1700 nm wavelength range. Using fibers with larger mode-area and proper dispersion, >10-nJ pulse energy is achieved and the pulse duration can be as short as ~50 fs.
Numerical simulation of fiber-optic spectral broadening
Before we present the experimental results, we first use numerical simulations to illustrate our method of implementing wavelength tunable femtosecond sources. The essence of this method is to minimize the dispersion effect during the fiber-optic spectral broadening. Consequently SPM-dominated spectral broadening dramatically expands the input spectrum, forming a series of well separated spectral lobes. The leftmost and rightmost spectral lobes are usually much stronger than other lobes. Use of proper optical bandpass filters to select the leftmost/rightmost spectral lobe produces nearly transform-limited femtosecond pulses. We solve the generalized nonlinear Schrödinger equation to simulate the propagation of a 40-nJ, 300-fs hyperbolic-secant pulse (wavelength centered at 1.55 µm) in an optical fiber with the fiber dispersion neglected. The fiber has a mode-field diameter (MFD) of 4 µm. Figure 1 (a) shows the optical spectral evolution along the fiber length. As expected, the optical spectrum is dramatically broadened towards both shorter and longer wavelength, manifesting as isolated spectral lobes. The pulse and the spectrum after 4-cm propagation are plotted in Figs. 1(b) and 1(c). Due to the absence of dispersion, the pulse duration changes slightly while self-steepening leads to an asymmetric pulse with the trailing edge sharper than the leading edge. Figure 1(c) shows that the broadened spectrum comprises 13 isolated spectral lobes with the leftmost one peaking at 1319 nm and the rightmost one at 1724 nm. We then numerically filter both the leftmost and the rightmost spectral lobes, and plot them as the insets of Figs. 2(a) and 2(b). The blue curves in these two figures are the corresponding pulses due to spectral lobe filtering and the red curves are the transform-limited pulses calculated from the leftmost/rightmost spectral lobes (i.e., the spectral shown as the black curves in the insets of Fig. 2 ). More specific, the filtered leftmost spectral lobe produces 51-fs, 6.6-nJ pulses and the rightmost spectral lobe produces 109-fs, 9.6-nJ pulses. The transform-limited pulses calculated from the filtered spectra are 48 fs and 108 fs in duration, respectively, showing that the filtered pulses are nearly transform-limited.
To illustrate the effect of the GVD (denoted by 2 β ) and the third-order dispersion (TOD, . We keep all other parameters unchanged and plot the broadened spectra in Fig. 3 . The blue curve shows the broadened spectrum using the fiber with constant GVD of 40 fs 2 /mm ( 3 β 0 = ). Comparison of this curve and the blue curve in Fig. 1(c) indicates that positive GVD has two consequences: (1) the broadened spectrum becomes narrower and (2) the spectral-lobe structures tend to wash out manifesting as shallower spectral valleys. TOD leads to frequency-dependent GVD and plays an important role as well. /mm), GVD decreases with an increased wavelength and the resulting optical spectrum is broadened more towards longer wavelength (red dotted curve in Fig. 3) . Compared with the constant GVD case (blue curve in Fig. 3 ), positive TOD generates deeper (shallower) spectral valleys on the long (short) wavelength side. In contrast, negative TOD ( 2 β 40 = fs 2 /mm, 3 β 200 = − fs 3 /mm) causes the spectrum broadened more towards shorter wavelength, with the shallower (deeper) spectral valleys on the long (short) wavelength side. The simulation results in Fig. 3 suggest that fiber-optic spectral broadening and formation of clear spectral lobes benefit from a smaller positive GVD. Indeed the detrimental effect caused by dispersion can be reduced by using shorter fibers since dispersion is distributed along the fiber. To maintain spectral broadening, a shorter fiber demands higher input pulse energy to accumulate enough nonlinear phase during pulse propagation. Figure 4 shows the broadened spectra for three combinations of input pulse energy (E) and fiber length (L): ( E 40 = nJ, L 4 = cm), ( E 80 = nJ, L 2 = cm), and ( E 160 = nJ, L 1 = cm). The fiber has a constant GVD of 40 fs 2 /mm ( 3 β 0 = ) and a MFD of 4 µm, and the input hyperbolic-secant pulse has a duration of 300-fs. Although the product of input pulse energy and fiber length is fixed at 160 nJ·cm, shorter fiber and higher pulse energy produces more spectral broadening with deeper spectral valleys due to less dispersion effect; more important, the resulting leftmost and rightmost spectral lobes account for more pulse energy. For example, the leftmost and rightmost spectral lobes peak at 1.37 µm and 1.70 µm for 1-cm fiber with 160-nJ input pulse energy (red dotted curve in Fig. 4 ). Filtering these two spectral lobes generates ~100-fs, nearly transform-limited pulses with 32-nJ (40-nJ) pulse for the leftmost (rightmost) spectral lobe. Clearly using shorter fiber and higher input pulse energy for spectral broadening constitutes an efficient and energy scalable means to obtain high-energy, wavelength widely tunable femtosecond pulses.
(a) Fig. 4 . Simulation results of a 300-fs hyperbolic-secant pulse propagating in an optical fiber (MFD of 4 µm) with different combination of input pulse energy (E) and fiber length (L). The fiber has a positive GVD of 40 fs 2 /mm.
Experimental results
Guided by the simulation results in the previous section, we constructed such an energy scalable femtosecond source tunable from 1.3 to 1.7 µm based on a high-power Er-fiber laser system schematically shown in Fig. 5 . The Er-fiber laser system used a master-oscillator-power-amplifier architecture, in which the oscillator pulses were amplified using the well-known chirped-pulse amplification (CPA) technique. The home-built 31-MHz Er-fiber oscillator was configured in a ring structure mode-locked by a semiconductor saturable absorber (from Batop), producing ~100-pJ pulses centered at 1550 nm [25] . We intentionally set the repetition rate at 31 MHz in order to enable video rate (i. assuming tha stretcher with amplified to 8 constructed u diameter) pum diffraction-gr transmission e e third-order di -pair provided 6(a)), which r stretcher con and conventio lack curve in F n Fig. 6(a) ). An dispersion. Fig. 6(a) ), n optimal gure 6(b) The pulse et of Fig.  Fig. 6(b HNLF features low dispersion in the wavelength range of 1.3-1.7 µm, well suited for implementing SPM-dominated spectral broadening. The blue curves in Fig. 7 represent the output spectra from 4-cm HNLF at different input pulse energy of 11 nJ, 16 nJ, 22 nJ, 26 nJ, and 30 nJ. Clearly, the spectrum broadens with increasing pulse energy and forms wellisolated spectral lobes indicating that the spectral broadening is dominated by SPM. With 30-nJ pulse energy coupled into the HNLF, the leftmost spectral lobe peaks at 1.3 µm and the rightmost one at 1.7 µm. To investigate the energy scaling property offered by shortening the fiber length, we prepared another 2-cm long HNLF and adjusted the coupled pulse energy such that the resulting rightmost spectral lobes peak at the same wavelength as those obtained from the 4-cm HNLF. Red dashed curves in Fig. 7 record these output spectra with the coupled pulse energy labeled for each curve. To have a better comparison, we normalize the curves for an optimized overlapping. Since shortening the fiber length reduces the accumulated dispersion effect-as demonstrated by simulation results in Fig. 4 , the ratio of pulse energies coupled into the 2-cm and 4-cm HNLF is slightly less than two to achieve the same amount of spectral broadening. Fig. 7 . Output spectra from HNLF at different fiber length (4 cm versus 2 cm) and pulse energy. We adjust the input pulse energy such that the spectra generated by both fibers have their rightmost spectral lobes peaking at (a) 1.59 μm, (b) 1.63 μm, (c) 1.66 μm, (d) 1.68 μm, and (e) 1.71 μm. Coupled pulse energies for each fiber are presented in each figure as well.
To obtain wavelength tunable femtosecond pulses, we varied the coupled pulse energy into the 2-cm HNLF and then used a set of optical filters (bandpass, ~50 nm bandwidth) to select the leftmost or the rightmost spectral lobes; Fig. 8 presents six representative filtered spectral lobes (Left column). They peak at 1.3 µm, 1.35 µm, 1.4 µm, 1.45 µm, 1.6 µm, and 1.7 µm with the corresponding pulse energy of 4.5 nJ, 4.8 nJ, 4.9 nJ, 5.2 nJ, 5.2 nJ, and 7.1 nJ, respectively. In contrast, the pulse energies at these six wavelengths using 4-cm HNLF are 2.3 nJ, 2.3 nJ, 2.7 nJ, 2.9 nJ, 2.9 nJ, and 3.4 nJ, respectively. As expected, they are about one half of the pulse energies given by the 2-cm HNLF. At a repetition-rate of 31 MHz, this tunable femtosecond source enabled by the 2-cm HNLF has the average power between 140 and 220 mW. The corresponding pulses were measured by an intensity autocorrelator and the measured autocorrelation traces are shown as the red curves in the right column of Fig. 8 . The FWHM duration of these autocorrelation traces is in the range of 149-280 fs. The pulse duration is estimated to be 97-182 fs, assuming a hyperbolic-secant pulse with a deconvolution factor of 1.54. The black dashed curves in the right column plot the calculated autocorrelation traces of the transform-limited pulses allowed by the filtered spectra, showing that the filtered spectra correspond to nearly transform-limited pulses. Besides energy scaling by shortening the optical fiber, using fibers with larger MFD is another option. In addition, larger MFD makes the free-space power coupling into the fibers less environmentally sensitive. Fiber DCF3 and DCF38 exhibit positive GVD at 1.55 µm with their MFD (8 µm for DCF3 and 6 µm for DCF38) larger than the HNLF. Interestingly DCF3 has a positive TOD (75 fs 3 /mm) and DCF38 a negative TOD (−284 fs 3 /mm). Figure 9 shows the spectral broadening from these two fibers, both of which are 4-cm in length. To have a fair comparison, we couple 42-nJ pulse energy into DCF3 and 31-nJ pulse energy into DCF38 such that the rightmost spectral lobes generated by both fibers peak at 1.625 µm. As we expect from simulation results in Fig. 4 , negative TOD allows DCF38 to shift the leftmost spectral lobe at a wavelength shorter than that obtained from fiber DCF3 with positive TOD. Apparently fiber DCF38 exhibits broader wavelength tuning range than can be achieved by fiber DCF3 at the same input pulse energy. With the input pulse energy at 96 nJ, 63 nJ, 21 nJ, and 96 nJ, 4-cm DCF38 allows us to produce four filtered spectral lobes peaking at 1.35 µm, 1.4 µm, 1.6 µm, and 1.7 µm (Left column of Fig. 10 ). Note that these four spectra are filtered by either low-pass (spectra peaking at 1.35 µm and 1.4 µm) or long-pass optical filters (spectra peaking at 1.6 µm and 1.7 µm) to obtain broader spectra than can be achieved by optical bandpass filters. As a result, the filtered spectra exhibit larger spectral bandwidth than those shown in Fig. 8 . The corresponding pulses have the energy of 10.3 nJ, 8.8 nJ, 7.4 nJ, and 10.6 nJ, respectively. The red curves in the right column of Fig. 10 plot the measured autocorrelation traces. Compared with the calculated autocorrelation traces of the transform-limited pulses (black dashed curves), the resulting pulses deviate considerably from transform-limited pulses mainly caused by the large GVD of fiber DCF38. Since both positive GVD and SPM exert positive chirp to the propagating pulse, bulk materials with negative GVD can be used to dechirp the pulses given by the filtered spectra. We employ several fused-silica plates to dechirp these pulses. The measured autocorrelation traces of the dechirped pulses are shown as the purple curves in the right column of Fig. 10 . They nearly overlap with the black dashed curves showing that the dechirped pulses are nearly transform-limited. The pulse duration is estimated to be 52-143 fs, assuming a hyperbolic-secant pulse with a deconvolution factor of 1.54.
Apparently SPM-dominated spectral broadening in DCF38 produced femtosecond pulses with higher pulse energy and shorter pulse duration than using HNLF. For example, the 1.35-µm pulses generated by 4-cm DCF38 possess 10.3-nJ energy and 53-fs duration while 2-cm HNLF produces the 1.35-µm pulses with 4.8-nJ energy and 110-fs duration. This means that the pulse peak power differs by a factor of 4 for these two 1.35-µm sources. Use of a femtosecond source with higher pulse energy and shorter pulse duration is of particular importance to increase the signal strength in multiphoton microscopy. For three-photon microscopy, the signal becomes 32 times stronger if the driving pulse duration is reduced by a factor of 2 while the pulse energy is doubled [26] . figure. (Right column) Measured autocorrelation traces of the pulses before (red curves) and after (purple curves) being dechirped by fused silica plates. Black dashed curves plot the calculated autocorrelation traces of the transform-limited pulses allowed by the filtered spectra.
Conclusion and discussion
We present a detailed numerical and experimental study of SPM-dominated spectral broadening of narrowband spectra generated by an Er-fiber laser system. Using proper optical filters to select the leftmost or rightmost spectral lobes results in ultrafast sources widely tunable from 1.3 to 1.7 µm with the pulse energy up to >10-nJ and the pulse duration as short as ~50 fs. Currently we are applying this tunable source to deep tissue three-photon microscopy.
Compared with SSFS-enabled ultrafast source, our laser source features broader wavelength coverage and superior energy scalability. The ultimate limit of our method is the fiber damage caused by self-focusing when the input pulse peak power exceeds 9 MW-the self-focusing threshold for fused silica fibers at 1.55 µm. This power level can be reached when the input 300-fs pulse has an energy of ~2.7 µJ. With 10-20% conversion efficiency depending on the amount of wavelength shift, >200-nJ femtosecond pulses tunable from 1.3 to 1.7 µm are expected. We plan to upgrade our Er-fiber laser system to ~µJ energy level and demonstrate this energy scalability using fiber DCF3, which has a larger MFD than both HNLF and DCF38. We expect that ~5-mm long DCF3 pumped by ~µJ pulses at 1.55 µm will produce ~100-nJ level pulses tunable from 1.3 to 1.7 µm.
One might think that a fiber of several milli-meter long can be replaced by a free-space bulk material (such as a fused-silica plate) to achieve SPM-enabled spectral broadening. In fact, for the input peak power below self-focusing threshold (9 MW for fused silica at 1.55 µm), diffraction in the bulk material due to lack of waveguide structure rapidly diverges a tightly focused beam causing a negligible nonlinear phase (< π ). To observe significant spectral broadening, the input peak power needs to exceed self-focusing threshold, which triggers other nonlinear processes (e.g., plasma formation) that destroy the spectral-lobe structure featured by SPM-dominated spectral broadening.
In our current experimental setup, the amplified pulses are compressed by a pair of diffraction-gratings. Such a free-space compressor can be replaced by a hollow-core photonic bandgap fiber that is spliced with one end to the amplifier fiber and the output end to the short SPM-broadening fiber. The resulting all-fiber configuration of such an SPM-enabled tunable femtosecond source will be even more robust, compact, and advantageous than the OPO solution.
